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[57] ABSTRACT

An x-ray beamsplitter which splits an x-ray beam into
two coherent parts by reflecting and transmitting some
fraction of an incident beam has applications for x-ray
interferometry, x-ray holography, x-ray beam manipu-
lation, and x-ray laser cavity output couplers. The
beamsplitter is formed of a wavelength selective multi-
layer thin film supported by a very thin x-ray transpar-
ent membrane. The beamsplitter resonantly transmits
and reflects x-rays through thin film interference ef-
fects. A thin film is formed of 5-50 pairs of alternate
Mo/S1 layers with a period of 20-250 A. The support
membrane is 10-200 nm of silicon nitride or boron ni-
tride. The multilayer/support membrane structure is
formed across a window in a substrate by first forming
the structure on a solid substrate and then forming a
window in the substrate to leave a free-standing struc-
ture over the window.

25 Claims, 3 Drawing Sheets
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1
X-RAY BEAMSPLITTER

The United States Government has rights in this
invention pursuant to Contract No. W-7405-ENG-48
between the U.S. Department of Energy and the Uni-
versity of California, for the operation of Lawrence
Livermore National Laboratory.

BACKGROUND OF THE INVENTION

The invention relates generally to X-ray optical ele-
ments and more particularly to multilayer thin film
X-ray optical elements.

The demonstration of amplified spontaneous emission
(ASE) at soft X-ray wavelengths has stimulated the
‘need for normal incidence optics for soft X-rays. Ampli-
fication has been single pass amplified spontaneous
emission and the amplifier, as well as its excitation and
ionization, are produced by exploding a thin foil by
interaction with a powerful optical laser. The exploding
foil amplifier is coupled with various inversion schemes
including neon-like and nickel-like collisional excitation
as well as hydrogen-like three body recombination. In
the case of Ne-like Se, the proper conditions for lasing
are achieved by irradiating a 34 ug/cm? thick Se layer
coated on one side of a 15 ug/cm? thickness plastic
substrate with a pulse from the Nova laser operated at
0.53 microns, 500 ps FWHM pulselength, and 41013
W/cm? intensity. The first high gain X-ray amplifier, at
20.6 and 20.9 nm, occurred in 1984. Since then using the
neon-like schemes at least 15 laser transitions in Se, Y
and Mo having wavelengths from 26.3 to 10.6 nm have
been observed. Double pass amplification using a multi-
layer mirror operated at normal incidence has also been
demonstrated. A multilayer X-ray mirror is placed at

one end of a plasma X-ray amplifier to reinject one of
- the ASE amplifier’s beams for further amplification.

- From these results a natural direction for further
X-ray laser advances is the development of an X-ray
laser cavity. A cavity could provide significant en-
hancement of the X-ray laser emission and possible
single transverse mode operation. Thus X-ray laser
cavity components including normal incidence output
couplers are required. An X-ray beam splitter which
reflects and transmits some incident X-radiation is
highly desirable; the reflected beam provides the neces-
sary feedback into the laser cavity while the transmitted
beam provides the output coupling. Thus the success of
this next stage of X-ray laser research, the development
of X-ray laser cavities, is highly dependent upon the
availability of suitable cavity forming components in-
cluding an output coupler such as an X-ray beam split-
ter. Unfortunately, although much research has been
performed in the field of X-ray optics, an X-ray beam-
splitter at soft X-ray and XUV wavelengths has not
been heretofore available.

Multilayer coatings can be utilized as wavelength
selective mirrors with reflectivities greater than 25%.
As an example a multilayer mirror having about 20
layers of alternating Mo and Si with a layer periodicity
of about 11 nm and mounted on a thick Si wafer can be
used in the double pass cavity experiments. These X-ray
mirrors are fabricated on a solid substrate material and
produce X-ray reflection but no corresponding trans-
mitted beam. |

Conceptually these multilayer principles can be ap-
plied to X-ray beamsplitters as shown in “Current De-
velopments in High Resolution X-ray Measurements”,
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Attwood and Ceglio et al.,, Lawrence Livermore Labo-
ratory UCRIL.-87540 (1982) and “Multilayer Structures
for X-ray Laser Cavities’, Ceglio et al., SPIE, Volume
563 Applications of Thin Film Mulitilayered Structures
to Figured X-ray Optics (1985), pg 360. However, these
conceptual beamsplitters were not successfully reduced
to practice. Thus, a multilayer thin film X-ray beam-
splitter has not been available.

U.S. Pat. No. 4,395,775 to Roberts shows a totally
different type of beamsplitter design having a plurality
of pores which transmit a portion of an incoming beam
through the structure and a reflective surface surround-
ing the pores to reflect the remainder of the beam.

U.S. Pat. No. 4,317,043 to Rosenbluth shows an
X-ray reflector having periodic monoatomic metal lay-
ers and hydrocarbon molecular layers. The X-ray re-
flector functions solely as a mirror and output coupling
from the cavity is provided by a totally separate in-
tracavity element such as a free standing foil which is
placed at an angle to the cavity axis.

U.S. Pat. No. 3,991,309 to Hauer discloses a crystal
which is stressed to enable and inhibit anomalous trans-
mission therethrough. |

Thus, although there is a need and interest in an
X-ray beamsplitter, and multilayer theory could in prin-
ciple be applied to design an X-ray beamsplitter, no one
has successfully implemented a thin film multilayer
X-ray beamsplitter. Such a beamsplitter could be used
in a wide variety of applications, including interferome-
try and holography, as well as X-ray laser caviiies.

SUMMARY OF THE INVENTION

Accordingly, it is an object of the invention to pro-
vide a thin film multilayer X-ray beam splitter and
methods for making the same.

It 1s also an object of the invention to provide a thin

.film multilayer X-ray beamsplitter for use in a wide

variety of applications, including multipass X-ray laser
cavities and X-ray interferometers.

An X-ray beamsplitter having a multilayer thin film
structure deposited on a very thin X-ray transparent
support membrane and extending across an opening or
window in a substrate reflects and transmits some large
fraction of X-radiation at angles much larger than graz-
ing incidence, including at or near normal incidence.
The X-ray beamsplitter is fabricated by a combination
of controlled deposition and X-ray lithography mask
techniques. The invention includes the beamsplitter and
the methods for making the beamsplitter. First a silicon
wafer is topped with a thin layer of the support mem-
brane material, e.g., 10-200 nm of silicon nitride, by
chemical vapor deposition or other suitable process. An
X-ray multilayer mirror, e.g., consisting of approxi-
mately 10 layer pairs of silicon and molybdenum, is then
deposited onto the wafer over the support membrane
layer, e.g by sputtering. The silicon wafer 1s then etched
from the reverse side without damaging the deposited
multilayers to form an opening or window beneath the
multilayer structure and support membrane. Alterna-
tively the process can be reversed, i.e. etch Si, then
deposit multilayer. The resulting structure is a free
standing X-ray beam splitter across the opening in the
substrate, made of the multilayers and the support mem-
brane, having a thickness of approximately 10-200 nm
for the support membrane and about 30-200 nm for the

“multilayer mirror, and extending over an area up to or

even exceeding 3X 12 mm.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view of an X-ray beamsplitter.

FIG. 2 illustrates a fabrication process for an X-ray
beamsplitter.

FIG. 3 i1s a TEM micrograph of a cross-section of an
X-ray beamsplitter.

FIG. 4 is a graph of the performance characteristics
of an X-ray beamsplitter at virtually normal incidence.

FIG. § illustrates an X-ray laser cavity formed with
an X-ray beamsplitter output coupler.

FIG. 6 illustrates an X-ray interferometer formed
with an X-ray beamsplitter.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The invention 1s a multilayered thin film X-ray beam-
splitter for use at soft X-ray and XUV wavelengths and
methods for making same. The invention represents the
first successful production of such an X-ray beamsplit-
ter. The invention succeeds in forming a free-standing
multilayer thin film structure by depositing the multi-
layers on a very thin X-ray transparent support mem-
brane. This is accomplished by first forming the multi-
layers and support membrane on a solid substrate and
then forming a window in the substrate to leave the
multilayer/support membrane structure free-standing
over the window. Alternately, different ordering of the
process can be used, e.g. etching before or after deposi-
tion. The beamsplitter splits an X-ray beam into two
coherent parts.

As shown in FIG. 1 beamsplitter 10 is formed of
multilayer 12 on support membrane 14 extending across
an opening (window) in a substrate 16. The X-ray beam-
splitter coherently divides an incident X-ray beam into
two components, a reflected beam and a transmitted
beam. The beamsplitter can operate at virtually any
angle including substantially normal incidence.

X-ray beamsplitter 10 is in essence a multilayer film
12 supported by a very thin X-ray transparent mem-
brane 14. Particular constituents and dimensions of the
multilayer film depend on the wavelength and angle of
the X-rays to be reflected. For example at a wavelength
of 13 nm the films used are periodic alternate layers of
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molybdenum and silicon with a period of 71 A. Other 45

materials can also be used for the multtlayers, such as
Au/C, W/C, Re/C, and W/Be; generally the require-
ments are a high atomic number (high Z)/ low atomic
number (low Z) combination. The X-ray beamsplitter
resonantly reflects and transmits X-rays through thin
film interference effects. The resonance occurs when
the condition A=2 ud sin 0 is satisfied where A is the
resonant X-ray wavelength, d is the period of the multi-
layer structure, p is a factor accounting for the refrac-
tive effects in the multilayer (typically about 1.0), and B
1s the angle of incidence measured relative to the sur-
face of the mirror (90° for normal incidence).

'The first soft X-ray beamsplitters have been success-
fully fabricated and characterized. These beamsplitters
are formed of a multilayer mirror supported on a very
thin (about 10-200 nm) silicon nitride SizN4) membrane.
The general fabrication technique for the beamsplitter
requires making a thin X-ray transparent membrane and
putting a multilayer on it; one particular process is sum-
marized as follows. A polished 25 micron thick silicon
wafer 1s coated with a thin (about 30 nm) Si3zN4layer by
chemical vapor deposition. A Mo/Si multilayer mirror
is subsequently deposited on top of the SizN4 by magne-
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tron sputtering techniques. The silicon support wafer is
then chemically etched from the opposite side of the
multilayer mirror to the silicon nitride layer, taking care
to protect the multilayer from attack by the chemical
etchant. A beamsplitter is thus formed of the Si3Ng4
supporting a Mo/St1 multilayer structure over the
etched window in the silicon substrate. Typical beam-
splitter area, i.e., the area of the etched window in the
substrate, is about 5 mm<. Larger beamsplitters of 20
mm? or greater have been fabricated.

A particular preferred embodiment of a fabrication
process of the invention 1s illustrated in FIG. 2. This
multistep process utilizes many recent advances in the
field of microfabrication as well as deposition tech-
niques. A silicon wafer is first prepared by a thorough
cleaning process. An X-ray transparent etch stop is then
deposited by low pressure chemical vapor deposition on
both the front and back sides of the silicon wafer. Other
substrates such as glass can also be used. The etch stop
is a thin layer, typically 30 nm (300 A) to (500 A) but
more generally 10-200 nm, of silicon nitride or boron
nitride (BN). Other materials such as silicon may also be
used. This etch stop will also form the support mem-
brane for the beamsplitter so the layer must be X-ray
transparent. Therefore the etch stop layer is very thin
and composed of low Z materials. The support mem-
brane may be substantially thinner than the multilayer
film, but need not be so in all cases. A multilayer mirror
is then deposited onto the front side of the silicon wafer
on top of the etch stop layer by any suitable deposition
technique. One method utilizes a dual head magnetron
deposition system with a rotating wafer holder. The
number of layers is chosen to give a reasonable reflec-
tion and transmission coefficient and depends on the
X-ray wavelength and mirror materials and angle of
incidence. Typically, about 10 layer pairs of molybde-
num and silicon multilayers are used at X-ray wave-
lengths from 13 to 30 nm (130-300 A). These multilayer
mirrors are then overcoated by about 1 nm of carbon to
protect them from oxidation. In the final steps the back-
side of the silicon wafer is patterned using conventional
lithographic techniques so that the thin etch stop layer
on the backside is removed from a small area, up to
3X 15 mm to expose the underlying silicon. The ex-
posed silicon is then fully etched from the back all the
way through to the thin etch stop layer on the front
surface by using a highly selective anisotropic etch
bath, e.g., 500 g of KOH in one liter of water at 70° C.
This bath etches the (100) and (110) planes of the silicon
crystal at approximately 500 nm/min. but etches less
than 5 nm of silicon nitride in the 8 hours necessary to
etch through the silicon wafer. Thus a window is
formed through the silicon substrate to produce an
X-ray beamsplitter comprising the multilayer mirror
supported by the thin support membrane formed by the
front etch stop layer. Since the etch bath would attack
the multilayer, the multilayer must not come in contact
with the etch bath during the fabrication process.

A beamsplitter designed for use at a wavelength of
about 208 A 1s shown in FIG. 3. The beamsplitter is
formed of alternating molybdenum layers, about 55 A
thick, and silicon layers, about 52 A thick. The period of
the alternating multilayers is about 108 A and 7 pairs of
alternating layers are used. The multilayers are depos-
ited on a Si3N4 support membrane about 440 A thick
which is deposited on a silicon substrate. More gener-
ally, in the soft X-ray region, e.g. about 1 to 50 nm, 5 to
50 layer pairs with periods of 20 to 250 A are used.



4,870,648

S

The performance characteristics for a normal inci-
dence beamsplitter designed for use at 208 A (the beam-
splitter of FIG. 3) is shown in FIG. 4. X-rays are inci-
dent at 0.5° from surface normal. The beamsplitter has a
peak reflectivity of approximately 17 percent and a
bandpass (FWHM) of approximately 28 A. The trans-
mission at 208 A is 5 percent. More generally, the X-ray
beamsplitter according to the invention provides for use
at normal incidence requiring short period multilayers
and its fabrication on a very thin but strong flat mem-
brane allows significant X-ray transmission, greater
than 50 percent, at soft X-ray wavelengths. Reflectivi-
ties as high as 25-30 percent can also be achieved, de-

pending on the wavelength and angle.

- The X-ray beamsplitter produced in accordance with
the invention has a wide array of applications including
X-ray interferometry, X-ray holography, X-ray beam
manipulation of synchrotron radiation and X-ray laser
cavity output couplers. The invention provides a new
and valuable X-ray optical component. The devices can
be manufactured at a low production cost.

As an output coupler for an X-ray laser cavity the
beamsplitter could improve by 3 to 4 orders of magni-
tude the output power of low gain X-ray lasers while
significantly improving transverse mode quality. As
illustrated in FIG. 5, an X-ray laser cavity 20 is formed
by surrounding a gain media 22 with a rear cavity re-
flector 24 and an output coupler 26. The rear cavity
reflector 24 and output coupler 26 are spaced and
aligned along the cavity axis. Gain media 22 is a plasma
generating means which emits and amplifies X-rays of a
desired wavelength along the cavity axis, and is typi-
cally a laser driven exploding foil amplifier of the type
previously described. Rear cavity reflector 24 1s formed
of a multilaver X-ray mirror which can be made 1n
either planar or curved surface geometries. The output
coupler 26 is formed of a beamsplitter 28 as previously
described.

An X-ray beam can be coherently split into two
beams which traverse different paths and are then re-
combined to form an X-ray interferogram or X-ray
hologram. An X-ray interferometer 30, as illustrated in
FIG. 6, utilizes a beamsplitter (B.S.) 32 as previously
described to split an incident beam into two coherent
beams. A portion of the incident beam is transmitted by
beamsplitter 32 to a highly reflective normal incidence
mirror 34, while a portion is reflected to reflective mir-
ror 36. A sample 38 is placed in the path of one of the
split beams, e.g. in front of mirror 34, so that one of the
split beams passes through the sample. Mirrors 34, 36
reflect the beams back to beamsplitter 32 where a por-
tion of one beam is transmitted to a detector 40 while a
portion of the other beam is reflected to detector 40.
The two beams, one of which has passed through the
sample (twice) and the other which forms a reference,
are combined in detector 40 to form an interferogram.

Changes and modifications in the specifically de-
scribed embodiments can be carried out without depart-
ing from the scope of the invention which is intended to
be limited only by the scope of the appended claims.

We claim:

1. An X-ray beamsplitter comprising:

a substrate having a window therethrough;

a very thin substantially flat X-ray transparent sup-
port membrane deposited on the substrate and ex-
tending across the window therein;

a thin multilayer film deposited on the membrane and
over the window in the substrate which resonantly
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6

reflects, and transmits X-rays of wavelength A
incident at an angle of 6 and has a periodicity d
given by

A=2 nd sin 6
where @ is the angle of incidence measured from the
surface of the beamsplitter and u is a predetermined
factor which accounts for refractive effects in the multi-
layer film.

2. The beamsplitter of claim 1 wherein the thickness
of the support membrane is substantially less than the
thickness of the multilayer film.

3. The beamsplitter of claim 1 wherein the support
membrane is formed of silicon nitride, boron nitride, or
silicon.

4. The beamsplitter of claim 1 wherein the support
membrane has a thickness of about 10 nm to 200 nm.

5. The beamsplitter of claim 1 wherein the substrate is
a silicon wafer or glass.

6. The beamsplitter of claim 1 for X-ray wavelengths
in the range of about 1 nm to about 50 nm wherein the
multilayer film comprises about 5 to 50 layer pairs of
molybdenum and silicon multilayers.

7. The beamsplitter of claim 6 wherein the periodicity
of the multilayers is about 20 A to about 250 A.

8. The beamsplitter of claim 3 wherein the support
membrane has a thickness of about 10 nm to 200 nm.

9. The beamsplitter of claim 1 wherein the window in
the substrate has an area between about 5 to 35 mm?.

10. A method for fabricating an X-ray beamsplitter
comprising: |

preparing a subsirate having front and back sides;

depositing an etch stop layer formed of a thin layer of

X-ray transparent material on the front and back
sides of the substrate;
depositing a thin multiplayer film of periodic alternat-
ing layers on the layer of X-ray transparent mate-
rial on the front side of the substrate which reso-
nantly reflects, and transmits X-rays of wavelength
A incident at an angle 0;

patterning the layer of X-ray transparent material on
the back side of the substrate and removing the
layer from a small area to expose the substrate;

etching the exposed substrate from the back side to
the etch stop layer on the front side.

11. The method of claim 10 further comprising form-
ing the etch stop layer of silicon nitride or boron nitride.

12. The method of claim 11 further comprising form-
ing the etch stop layer of a thickness of about 10-200
nm.
13. The method of claim 10 further comprising form-
ing a thin multilayer film which resonantly reflects, and
transmits X-rays of wavelength A incident at an angle &
and has a periodicity d given by A=2 ud sin 6
where @ is the angle of incidence measured from the
surface of the beamsplitter and u is a predetermined
factor which accounts for refractive effects in the multi-
layer fiim.

14. The method of claim 13 for X-ray wavelengths in
the range of about 1 nm to 50 nm further comprising
forming the multilayer film of about 5 to 50 layer pairs
of molybdenum and silicon.

15. The method of claim 14 further comprising form-
ing the layer pairs with a periodicity of about 20 A to
250 A.

16. A method for fabricating an X-ray beamsplitter
comprising:
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depositing a thin layer of X-ray transparent material

on a front surface of a substrate;
depositing a thin multiplayer film of periodic alternat-
ing layers on the layer of X-ray transparent mate-
rial which resonantly reflects, and transmits X-rays
of wavelength A incident at an angle 6;

etching the substrate from a back surface to the layer
of X-ray transparent material on the front surface
to form a window through the substrate over
which the layer of X-ray transparent material and
thin multilayer film extent.

17. The method of claim 16 further comprising form-
ing the layer of X-ray transparent material from silicon
nitride or boron nitride.

18. The method of claim 17 further comprising form-
ing the layer of a thickness of about 10-200 nm.

19. The method of claim 16 further comprising form-
ing a thin multilayer film which resonantly reflects, and
transmits X-rays of wavelength A incident at an angle 6
and has a periodicity d given by

A=2 ud sin 0

where @ is the angle of incidence measured from the
surface of the beamsplitter and u is a predetermined
factor which accounts for refractive effects in the multi-
layer film.

20. A method for fabricating an X-ray beamsplitter,
comprising:

forming thin substantially flat X-ray transparent sup-

porting membrane;
forming a thin multilayer film on the membrane

which resonantly reflects, and transmits X-rays of

wavelength A incident at an angle & and has a peri-
odicity d given by

A=2 pd sin 8
where 0 is the angle of incidence measured from the
surface of the beamsplitter and p is a predetermined
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8
factor which accounts for refractive effects in the multi-
layer film.

21. A resonant cavity for supporting X-ray laser ac-

tion, comprising:

a multilayer thin film rear cavity X-ray mirror:;

an X-ray beamsplitter spaced from and aligned with
the rear cavity mirror along a cavity axis, the
beamsplitter comprising:

a substrate having a window therethrough;

a very thin substantially flat X-ray transparent sup-
port membrane deposited on the substrate and ex-
tending across the window therein;

a thin multilayer film deposited on the membrane and
over the window in the substrate which resonantly
reflects and transmits X-rays of wavelength A inci-
dent at an angel 6 and has a periodicity d given by

A=2 pd sin &
where € is the angle of incidence measured from the
surface of the beamsplitter and A is a predetermined
factor which accounts for refractive effects in the multi-
layer film; and a gain media positioned between the rear
cavity X-ray mirror and the X-ray beamsplitter along
said axis.

22. The resonant cavity of claim 21 wherein the gain
media comprises means for generating a plasma in the
cavity which emits and amplifies X-rays of said wave-
length along said axis.

23. The resonant cavity of claim 22 wherein the
plasma generating means is an exploding foil amplifier.

24. The resonant cavity of claim 21 wherein the sup-
port membrane is formed of silicon nitride or boron
nitride having a thickness of about 300 A to 500 A.

25. The resonant cavity of claim 22 for X-ray wave-
lengths in the range of about 1 nm to about 50 nm
wherein the multilayer film comprises about 5 to 50
layer pairs of molybdenum and silicon multilayers hav-

ing a periodicity of the multilayers of about 20 A to
about 250 A.
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